In rats, supplied with an adequate dietary intake of magnesium, the mean fetal magnesium concentration in plasma was 2.4 mEq/liter compared with a maternal concentration of 1.6 mEq/liter. Equilibrium dialysis experiments resulted in a disappearance of the fetal to maternal gradient, with maternal levels becoming slightly higher than fetal levels. Determination of ultrafiltrable magnesium concentrations also demonstrated a slightly lower binding capacity for magnesium in fetal plasma so that the fetal to maternal gradient reflected the unbound magnesium.
Introduction
breached, the placenta through its complex transport A major advantage of mammalian reproduction is the mechanisms may act as a second line of defense. Only protection that it affords the fetus against a potentially {i both fail is the fetus exposed to the risks of malnutrihostile environment. In the case of nutritional depritlonvation, maternal homeostatic mechanisms react in an Previous studies in this laboratory have explored the attempt to maintain normal levels of organic and inoreffectiveness of these defensive mechanisms on fetal ganic constituents in maternal blood, coincidentally homeostasis when the pregnant rat was subjected to protecting the fetus. When maternal homeostasis is nutritional deprivation of potassium or sodium [2] .
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We have now explored, in similar manner, the effects of deprivation of an essential divalent ion, magnesium.
Materials
The sodium-deficient test diet for rats (Hartroft formula) [3] , omitting the salt mixture, was purchased [14] . The salts were mixed in our laboratory. To 950 g basic diet was added 33 g salt mix, 5 g NaCl, 12 g K.C1, and 8 g MgSO 4 (Table I ). This constituted the control diet. The magnesium-deficient diet was the same with the omission of MgSO 4 from the salt mix. The magnesium content, by analysis, was 120 mEq/kg for the control diet, and 0.88 mEq/kg for the deficient diet.
Methods
Pregnant rats were obtained commercially [15] . The diets were offered ad libitum beginning usually on days 9-10 of pregnancy, and for several experiments on day 2 of gestation. Maternal blood samples were obtained by incising the tail vein. The ammonium salt of heparin was used as anticoagulant. On day 21 of gestation the animals were anesthetized with 0.15 ml (60 mg/ml) sodium pentobarbital intraperitoneally, and a hysterotomy was performed delivering the fetuses into an isotonic saline bath kept at 37°. Fetuses were removed and dried and blood samples from severed axillary vessels collected into heparinized (ammonium salt) microcollecting tubes. The blood from two normal fetuses was pooled to provide a sufficient sample for analysis. The fetuses from the diet-deficient mothers were smaller so that the blood from three or four fetuses was pooled. In several experiments, two pooled samples were collected from one litter. The results were essentially the same, though in some instances the potassium level in plasma was appreciably higher in the second pool, probably as a result of fetal hy- poxia. Maternal muscle samples were obtained from the quadriceps, and bone samples from the femur.
Preparation of Tissues
All samples were prepared and analyzed in duplicate. Approximately 1 g of maternal muscle and placenta was weighed, transferred to porcelain crucibles, and dried in an oven at 100° overnight. Femurs of the mother were freed of adhering tissue by immersing in boiling, distilled water for 1 min before ashing. Three or four fetuses were pooled and homogenized, and an aliquot of approximately 1 g was transferred to crucibles. The samples were reweighed following drying and transferred to a muffle furnace for 16 hr at 450°. One milliliter hot 0.5 N nitric acid was added to dissolve the residue. The solutions were transferred to test tubes and placed in a boiling water bath for 10-30 min to digest any residual particles.
Analyses
Sodium and potassium were determined in a flame photometer. Analyses for calcium and magnesium were done on an atomic absorption spectrophotometer [16] . The t test and standard errors of the mean were determined on a computer [17] with standard programs.
Equilibrium Dialysis
Maternal plasma and pooled fetal plasma were diluted with equal parts of Tris buffer, 0.15 M, adjusted to pH 7.4 at 37°. Five milliliters diluted maternal plasma were placed in a test tube and equilibrated against 5% CO 2 -95% O 2 . Into this was placed a dialysis bag containing 1 ml of similarly diluted fetal plasma and a glass bead. The tube was stoppered and placed on an angle in a metabolic shaker [18] and agitated for 4 hr at 37°. The concentration of magnesium in the maternal and fetal plasma was determined before and after dialysis. The casing [19] was washed for 4 hr in distilled water, before use, to remove any contaminating magnesium. Free magnesium was also determined after ultrafiltration through a dialysis bag by the method of Toribara el al. [7] .
Results

Fetal Survival
1 See text for salt content.
Eight rats were fed the magnesium-deficient diet on day 2 of gestation. Only one animal retained a litter of living fetuses on day 21. Examination of the remaining animals revealed evidence of recent pregnancy but no surviving fetuses. Three pregnant animals fed the control diets had healthy live litters on day 21 of gestation. This conforms with our previous experience with the control diet [1] .
Seventeen rats were fed the magnesium-deficient diet on days 9 or 10 of gestation. All produced live litters on day 21 with an average number of 8.1 fetuses. Examination of the uteri, however, revealed evidence of 36 resorptions. Of 12 animals fed the control diet, the litter number averaged 8.5 and there were no resorptions. The adverse effect of magnesium deprivation on reproductive performance has been previously noted [9] . 
Effect on the Mother
Rats fed the magnesium-deficient diets were generally distinguishable from the control animals only by the hyperemic ears characteristic of magnesium deficiency [4] . On occasion, the fur became slightly matted; however, they remained vigorous and ate well.
The blood magnesium level was monitored during pregnancy in several of the animals ( Table II) . The blood levels in the control animals rose slightly during pregnancy from a mean of 1.48 to 1.70 mEq/liter. In contrast to this slight change, magnesium levels in the plasma of experimental animals after 11 days on the deficient diet were reduced to a mean of 14% of the initial levels. In four animals tested 4 days after introducing the deficient diet the magnesium levels in plasma had already fallen to a mean of 0.47 mEq/liter.
In contrast to the rapid and extreme effect on circulating magnesium levels, the remaining chemical determinations remained remarkably stable (Table III) . The mean bone magnesium concentration dropped appreciably (from 213 to 176 mEq/kg), but this was not statistically significant, possibly because of the wide variation of values in both the control and experimental groups. Muscle composition remained unaltered.
Effect on the Fetus
Surviving fetuses were obviously damaged by the magnesium deprivation. They were small with a mean weight of 2.6 ± 0.1 g in comparison with the control =t 0.14 (20) it 2.2
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• P < 0.05. mean weight of 3.8 ± 0.3 g. They were pale, weak, and at times edematous.
Hematological studies revealed a consistent microcytic anemia, at times very severe. Edema was prominent in the severely anemic fetuses. These observations will be presented in greater detail [1] .
The magnesium concentration in the plasma of experimental animals was drastically reduced, reaching a mean of 0.31 mEq/liter, compared with concentrations of 2.4 mEq/liter in the control fetuses. Sodium levels in the experimental animals were slightly increased, possibly as a result of similar increases in the mothers. Potassium and calcium concentrations were unaltered.
The magnesium concentration in the placenta of the experimental animals was only slightly lower than that found in the controls, the difference not being statistically significant. The mean calcium concentration, however (27 mEq/kg), was over twice the control value (10.6 mEq/kg).
Chemical analysis of the total fetus revealed statistically significant reductions in the concentrations of magnesium and potassium and an increase in calcium levels in the experimental animals (Table III) .
Fetal to Maternal Gradient of Magnesium in Plasma
The level of magnesium in plasma of the fetus under control conditions is consistently higher than it is in the mother (mean of 2.4 mEq/liter compared with 1.6 mEq/liter). This was not true of calcium (Table III) . The mean fetal to maternal gradient of magnesium in the animals on the control diet was 1.54 ± 0.04 (SEM in 24 observations). In experimental animals, the relation of fetal and maternal plasma magnesiums was variable. On the average the gradient disappeared, the mean level in the fetus being 0.31 mEq/liter compared with 0.33 mEq/liter in the mother. In three pregnant rats a less severe hypomagnesemia was induced in the mother with a diet containing 3.4 mEq/kg magnesium. Although a fetal to maternal gradient was maintained, the fetal levels were also decreased.
Equilibrium dialysis of maternal versus fetal plasma was undertaken in control animals to exclude protein binding of magnesium as the cause of the gradient [8] . Under the conditions of the dialysis, there was actually a reversal of the gradient (Table IV ), the maternal level becoming slightly higher than the fetal.
As a second approach to the same problem, the ultrafiltrable magnesium concentration [7] was determined in three pregnant rats fed control diets. In the mothers, the ultrafiltrable magnesium represented 0.60, 0.57, and 0.59 of the total, and the comparable figures in the fetuses were 0.69, 0.63, and 0.76. The fetal to maternal gradients for total magnesiums in these three animals were 2.0, 2.2, and 1.7; and the comparable figures for unbound magnesium were 2.3, 2.4, and 2.1. These results confirm the conclusions suggested by the equilibrium dialysis experiments: the fetal to maternal gradient is maintained despite a reduced protein binding of magnesium in the fetal plasma.
Discussion
The pivotal role that magnesium plays in many essential metabolic processes has attracted considerable investigative effort and has been the subject of recent extensive reviews [10, 12] . However, comparatively little attention has been paid to magnesium metabolism during pregnancy. Tufts and Greenberg [9] have reported that diets containing 5 mg magnesium/100 g diet are about the minimum that will support breeding in rats. There is no information in the literature on the effect of magnesium deprivation on fetal blood levels or tissue composition.
Under control conditions, the plasma magnesium level in the fetus is higher than in the mother ( Table  III) . The existence of such a gradient suggests an active transport role for the placenta. The magnesium in plasma exists not only as the free ion, however, but bound to plasma proteins and complexed to organic radicals [11] . In an attempt to evaluate the effect of protein binding, equilibrium dialysis was undertaken between maternal and fetal plasma. Under these conditions, the fetal-maternal gradient was actually slightly reversed (Table IV) , suggesting a more avid binding by maternal proteins. This could reflect simply differences in protein concentration rather than a fundamental difference in the type of protein binding. Ultrafiltration studies confirmed the fact that the fetal to maternal gradient represented differences in concentrations of the unbound magnesium.
These observations strongly suggest but do not prove that the fetal to maternal gradient is maintained by active transport in the placenta. However, conditions in vivo that may differentially affect protein binding in mother and fetus were not strictly reproduced in the experiments in vitro, nor were the levels of complexed ion and their rates of transfer across the placenta investigated.
The value to the fetus of the relatively elevated plasma levels is unknown. Possibly, the supply of this essential ion to rapidly growing fetal tissue is facilitated. The fetal to maternal gradient, however, clearly does not serve to protect the fetus against maternal hypomagnesemia. Under the severe conditions of these experiments, the gradient actually disappeared. With less severe levels of hypomagnesemia in the mother, in a limited number of experiments, the gradient was maintained but the magnesium concentration in the fetus was also reduced.
There appears to be relatively little protection of the fetus against magnesium deprivation of the mother. The amount of mobilizable magnesium in the adult rat is relatively limited, magnesium balance being dependent on the maintenance of a regular exogenous supply [8] . This was evident in the present studies, a significant fall in maternal magnesium levels in plasma occurring within a few days after the introduction of the deficient diet. After 10 days of diet, however, when plasma levels were drastically reduced, the concentration of magnesium in maternal muscle was unchanged. The concentration in maternal bone did fall, possibly offering a source of magnesium for the growing fetus. The difference in mean bone concentrations between control and deficient animals did not quite achieve statistical significance (P > 0.05), probably because of the relatively large variation within both groups.
With little maternal magnesium available, and with the placenta unable to prevent magnesium concentrations in plasma of the fetus from falling to extremely low levels, magnesium deprivation clearly affected fetal welfare. When the magnesium-deficient diet was instituted early in pregnancy, few fetuses survived until term. When the diet was introduced after 9 or 10 days of gestation, most fetuses survived though there was still an increased number of resorptions.
The fetuses that survived were severely affected by the nutritional deprivation (Fig. 1) . They were small, pale, feeble, and edematous at times, and they frequently displayed subcutaneous hemorrhages. Hematological studies revealed a consistent microcytic anemia associated with erythroblastosis [1] . This effect of magnesium deprivation may be peculiar to the fetus, not having been reported in previous studies with older rats [5, 13] .
There were also significant changes in the chemical composition of the fetus. Magnesium concentration in tissue was considerably reduced, again demonstrating a particular susceptibility of the fetus not as evident in the more mature animal. The increased calcium concentration may reflect the same mechanism that induces hypercalcemia in the magnesium-deprived rat. This has been attributed to modifications of parathyroid function [5] ; however, the plasma levels of calcium in the present studies were unchanged. The alterations in tissue composition may reflect transport problems or other distortions of cellular metabolism.
It has often been stated that the fetus exists as a parasite within the maternal organism. By this it is implied that the fetus will derive essential nutrients from the mother despite maternal needs. There appears to be significant differences among nutrients in the efficiency with which this is accomplished.
Previous studies in this laboratory explored the effects of deprivation of the two univalent ions, potassium and sodium, during pregnancy [2] . Maternal stores of both ions were considerably reduced to provide the growing fetus with these materials. With potassium deprivation, although the mothers became sluggish, lost their appetites, and developed matted hair, the fetuses were alive and vigorous though a little small. The fetuses so effectively secured potassium from the mothers that the potassium levels in plasma were maintained at normal levels even though the Fig. 1 . Magnesium deficiency in fetal rats. Pregnant rats were fed a magnesium-deficient diet on day 10 of gestation, and fetuses were removed by hysterotomy on day 21. Control rat fetus on right; two runted magnesium-deprived rat fetuses on left. Occasional fetuses were severely anemic, hydropic with yellow-stained polyhydramnios (center). maternal levels were reduced by 50% [2, 6] . In the case of sodium deprivation, the placenta did not as effectively maintain a constant internal milieu for the fetus. As maternal compensatory mechanisms failed in their efforts to maintain normal sodium levels in plasma, fetal concentration also fell. The amount of reduction in the fetus was not quite so great as in the mother, suggesting limited protection.
Magnesium was next selected for study because it differs from sodium and potassium in several important characteristics. It is divalent and partially bound to proteins, and a gradient is maintained toward the fetus. The response of the pregnant rat to deprivation also differs significantly. Fetal parasitism did occur to a limited extent, in the sense that maternal magnesium was drained into the fetus. In the inevitable competition between mother and offspring, however, magnesium was retained by the mother at the expense of the fetus. The mothers looked healthy at term and, although hypomagnesemia occurred, tissue concentrations were only modestly reduced. In contrast, fetuses were severely damaged, and the tissues were starved of magnesium. This is contrary to the priorities for essential nutrients in pregnancy suggested by the term "fetal parasitism."
Suminary
The concentration of magnesium in plasma in the fetal rat was consistently higher than that found in the mother if adequate amounts of magnesium were provided during pregnancy.
Equilibrium dialysis of maternal and fetal plasma and measurements of ultrafiltrable magnesium concentrations excluded protein binding as the mechanism for maintaining the fetal to maternal gradient. By inference, the gradient was probably maintained by the placenta.
On a sharply restricted magnesium intake, maternal magnesium concentration in plahna rapidly fell. Tissue concentration remained relatively unaffected and there were few systemic effects during the brief period of study.
',!•'• . ' In contrast to the minor "effects on the mother, the fetus was dramatically affected. If the magnesium-deficient diet was intrqduc^ed on da'y-2 of gestation, the fetuses generally died and were resorbed. If the diet was introduced on day 10 of gestation, the fetuses survived until term but were small, weak, and anemic. Magnesium concentrations in plasma were reduced with the fetal to maternal gradient often obliterated.
Tissue concentrations of magnesium were also reduced, and there were secondary changes in tissue composition.
